In addition to circadian changes in the membrane potential and leaf movement, light applied to the pulvinus causes changes in both the membrane potential and the pulvinar movement in Phaseolus vulgar is L. Even after a short pulse of light, a transient depolarization of the membrane occurs and leaf movement is observed. Decreases of turgor pressure of the motor cells are always preceded by the depolarization. The direction of the leaf movement can be explained by the decrease of turgor pressure in the motor cells on the irradiated side of the pulvinus.
Light irradiation of the pulvinus causes changes in both the membrane depolarization of the motor cells and the pulvinar movement in Phaseolus (Nishizaki 1987 (Nishizaki , 1988 ). An important feature of the light-induced depolarization in pulvinar motor cells is that even a short pulse of blue light (BL) (1/60 s-30 s) results in transient depolarization of the membrane and a transient change of turgor pressure of the motor cells (Nishizaki 1988) . The transient depolarization begins at 10-15 s after the beginning of the BL pulse and continues after the pulse has been turned off until the maximum value is reached at about 3-5 min. The potential then gradually returns to the original resting level.
The effects of anoxia and inhibitors on the BL pulse-induced depolarization have led to the conclusion that BL inactivates the electrogenic proton pumping ATPase in the plasma membrane of the motor cells (Nishizaki 1990 (Nishizaki , 1992 (Nishizaki , 1994 (Nishizaki , 1996 . In the present study, using the pulvinus of Phaseolus, we tried to determine the action spectrum for the light pulse-induced transient depolarization in motor cells.
Materials and Methods
Plant material-Three-week-old plants of Phaseolus vulgaris L. were used for the experiments. They were raised in a growth cabinet under 12-h light (6:00 to 18:00)/12-h dark cycle at 23°C. Humidity was roughly controlled around 70%. One white fluorescent lamp (18 W) and two lamps for promoting plant growth (20 W; Homolux, National Electric Co.) were used at a fluence rate of 45//Em-2 s"'. Measurement of electric potential-The experimental apparatus used for the measurement of electric potential was as described previously (Nishizaki 1986) . A primary leaf with its petiole (15-20 mm long) was excised from the plant and immersed in a bathing solution which contained 1 mM each of KC1, NaCl and 0.1 mM CaCl 2 . Almost all of the lamina was cut off, leaving only the basal part which was about 10 mm long and 5 mm wide around the midrib. The intracellular potential of pulvinar flexor cell (see Nishizaki 1987 Nishizaki , 1988 ) with respect to the bathing solution, in which the cut end of the petiole was immersed, was measured by the usual microelectrode method (Fig. 1) . The apparatus was put on a vibration-free desk and all experiments were carried out in a light-tight, electrically shielded box. The membrane potentials were recorded on a chart recorder. Room temperature was controlled at 25°C.
Measurement of action spectra-The action spectrum was determined using the Okazaki Large Spectrograph in the National Institute for Basic Biology (Watanabe et al. 1982) . Pulvina were irradiated directly with monochromatic light, ranging from 340 to 730 nm, from the flexor side via a flexible light guide. The other end of the light guide (entrance of light) was put on the focal curve stage of the spectrograph (Watanabe et al. 1982) . By changing the location of the entrance, monochromatic lights with various wavelengths were corrected to enter through the convex lens.
The light intensity was controlled with three or four neutral density filters (transmittance 50%, 30%, 15% and 10%). The purity of the monochromatic light was secured with cut filters; L39 (500-440 nm), L38 (420 nm), B390 (400 nm), B370 (380 nm) and U33O (below 360 nm) (Hoya Glass Works Ltd., Tokyo). Neutral density filters and cut filters were inserted between the convex lens and the light guide. The fluence rates were determined using a Pho-A B ton Density Meter Model HK-1 (Riken, Tokyo). Figure 2 shows two typical examples of the effect of various intensities of monochromatic light pulses (460 and 480 nm; 30 s) on magnitudes of the transient depolarization in flexor cells of the same pulvinus. Four different intensities of the monochromatic light were given successively to the pulvinus after the depolarization from previous light exposure had recovered to the original level. The magnitudes of the depolarization changed according to the light intensity. At the end of the experiments, a pulse with the same intensity as the first one was given to check whether or not the same response could be induced. If the final response was not comparable to the first one, the data were discarded.
Results

Light pulse-induced depolarization of the motor cells -
Action spectrum-The fluence rate-response curves with seven monochromatic lights from 380 to 500 nm at 20-nm intervals were determined for the light pulse-induced depolarization (Fig. 3) . Monochromatic lights of 280 nm, 320-360 nm and 520-730 nm had no detectable effect. The light sensitivity of the motor cells varied for each pulvinus. The values of the magnitudes of the depolarization in relative to those caused by the strongest intensities of 460 nm light in the same pulvinus were plotted against the fluence rate on a logarithmic scale.
An action spectrum was prepared from the fluence rate-response curves by comparing reciprocals of the fluence rate that gave the half maximum of the strongest depolarization at 460 nm. If the fluence rate-response curve was not comparable to the half maximum of the response by 460 nm light, the lower value was used to calculate the relative effectiveness. Figure 4 shows the action spectrum thus obtained. Each plot is the relative effectiveness to that of 460 nm light and shows the mean for four to six experiments. The action spectrum had its highest peak at 460 nm with lower peaks at 380 nm and 420 nm. Almost no sensitivity was observed at wavelengths shorter than 360 nm and longer than 520 nm. Red and far-red light had no effect on the membrane potential of the motor cells exposed to air (see Nishizaki 1988 Nishizaki , 1990 .
Discussion
There are many similarities between pulvinar and stomatal movements (Gorton 1990 ). However, as pointed out previously, there is a clear difference between the two systems (Nishizaki 1996) . In guard cells, the membrane potential hyperpolarizes upon exposure to BL (Moody and Zeiger 1978, Zeiger et al. 1987) due to activation of the proton pump (Assmann et al. 1985 , Shimazaki et al. 1986 ). The guard cells thus increase their volume, resulting in stomatal opening. On the contrary, in pulvinar motor cells of Phaseolus, the membrane depolarizes upon exposure to pulse of BL (Nishizaki 1987 (Nishizaki , 1988 . This depolarization is considered to be caused by inactivation of the proton pump and results in a decrease in motor cell volume, which in turn, leads to bending of the pulvinus in the direction of BL.
The action spectrum in Figure 4 coincides well with the one observed in most blue-light reactions (Blue-Type, Watanabe 1995) . It also closely resembles the spectra for stomatal opening and 86 Rb uptake (Hsiao et al. 1973, Sharkey and Raschke 1981) , and in particular the action spectrum of malate formation in isolated epidermal strips of Vicia faba (Ogawa et al. 1978) . The latter determined with background red light clearly shows two maxima around 380 and 460 nm, which coincide with the absorption maxima of flavin. The action spectrum of light pulseinduced depolarization of the membrane in motor cells in Figure 4 has three peaks at 380, 420 and 460 nm, two of which are similar to those obtained in malate formation in guard cells. Thus, guard cells and pulvinar motor cells seem to have similar photoreceptor systems for blue light.
Free flavins have a pronounced absorption peak at around 260-280 nm, and several ultraviolet action spectra have been obtained with various fungal and plant photoreaction systems (see . We applied ultraviolet light of 280 nm to the pulvinus, but no effect was observed on the membrane potential.
The action spectrum for phototaxis in zoospores of the brown alga Pseudochorda gracilis has been examined in the wavelength range between 300 and 600 nm (Kawai et al. 1991 ). It has two major peaks at around 420 and 460 nm. Similar action spectra for phototaxis in male gametes of another brown alga Ectocarpus siliculosus (Kawai et al. 1990) and for hair whorl formation in the giant unicellular green algzAcetabularia (Schmid 1984) have been reported. A possible contribution of free 8-hydroxy-5-deazaflavins to the 420 nm peak has been discussed . However, no simple explanation can be offered at present for the contribution of this substance to the 420 nm peak in the motor cells. Further experiments are needed to fully reveal the photoreceptor system involved in pulvinar movement.
